Multiple injury-causing mechanisms, such as wave propagation, skull flexure, cavitation, and head acceleration, have been proposed to explain blast-induced traumatic brain injury (bTBI). An accurate, quantitative description of the individual contribution of each of these mechanisms may be necessary to develop preventive strategies against bTBI. However, to date, despite numerous experimental and computational studies of bTBI, this question remains elusive. In this study, using a two-dimensional (2D) rat head model, we quantified the contribution of head acceleration to the biomechanical response of brain tissues when exposed to blast waves in a shock tube. We compared brain pressure at the coup, middle, and contre-coup regions between a 2D rat head model capable of simulating all mechanisms (i.e., the all-effects model) and an acceleration-only model. From our simulations, we determined that head acceleration contributed 36-45% of the maximum brain pressure at the coup region, had a negligible effect on the pressure at the middle region, and was responsible for the low pressure at the contre-coup region. Our findings also demonstrate that the current practice of measuring rat brain pressures close to the center of the brain would record only two-thirds of the maximum pressure observed at the coup region. Therefore, to accurately capture the effects of acceleration in experiments, we recommend placing a pressure sensor near the coup region, especially when investigating the acceleration mechanism using different experimental setups.
Introduction
Exposure to improvised explosive devices has been the main cause of "blast injuries" in U.S. Service Members deployed to Iraq and Afghanistan [1] [2] [3] [4] . Blast exposures can cause a wide spectrum of injuries to the brain, ranging from mild primary injury to the more severe secondary and tertiary injuries. While the primary injury is attributed to the interaction of the blast wave with the brain (i.e., the blast overpressure (BOP), which may create regions of high pressure within the brain), the secondary and tertiary injuries are associated with penetrating and blunt trauma to the head, respectively, due to shrapnel and movement of the body [5] [6] [7] .
Damage to brain tissues from BOP is suspected to be caused by (1) high-pressure differentials from stress-wave propagation within and through the skull (wave propagation) [8] , (2) dynamic deformation of the skull (skull flexure) [9] , or (3) bubble formation and subsequent collapse due to changes in pressure (cavitation effects) [10, 11] . In addition to these widely accepted mechanisms, brain tissue damage can also be caused by rapid acceleration of the head resulting from the interaction of the blast wave with the head [12, 13] . In fact, experimental studies have reported extremely high head acceleration, often in the range of 3500-37,500 m/s 2 , in animals exposed to blast waves [12, 13] . Goldstein et al. observed that mice with head restraints had significantly less brain tissue damage when compared to those without head restraints [14] . Similarly, Gullotti et al. reported that head acceleration can influence immediate neurological impairments in mice [12] . The observed high acceleration and the lower tissue damage in animals with head restraints both demonstrate the need to evaluate head acceleration as a potential bTBI mechanism. Moreover, an accurate quantitative characterization of the acceleration mechanism may be necessary for development of protective strategies against bTBI [15] . However, even though numerous blast-related experimental and computational animal studies have been performed [9, 10, 14, [16] [17] [18] [19] [20] , the specific contribution of the acceleration mechanism to bTBI remains elusive.
Biomechanical responses, such as pressure, stress, and strain, are correlated to brain tissue damage [21, 22] , and they provide valuable information on the response of brain tissue to external mechanical loading, such as BOP. Our objective was to perform computational investigations on the interaction of a blast wave with an animal head and, from the biomechanical responses of the brain, determine the contribution of head acceleration to bTBI. To this end, we developed a 2D computational rat head model and performed blast simulations in a shock tube. We then compared the pressure between the head model that captured all the mechanisms (i.e., an all-effects model) and an accelerationonly model. We also investigated the response of the brain tissues to the different orientations of the blast wave. The results of this study allowed us to uniquely quantify the contribution of the acceleration effects to the biomechanical responses of rat brain tissues.
the coupled rat head and shock tube models, we performed simulations at various BOPs and blast wave orientations.
Rat Head Model
2.1.1 Geometry. We created the 2D rat head model by combining an axial MRI slice of the head of a 250 g male Wistar rat [23] and of a 400 g male Wistar rat [24] . The MRI slice from the 250 g rat had a higher resolution (100 lm) with a more detailed brain anatomy than the MRI from the 400 g rat (150 lm); however, it did not have the complete scalp and facial components (Fig. 1) . From the 100 lm resolution MRI slice, we identified the major brain components, such as the olfactory bulb, cortex, corpus callosum, external capsule, internal capsule, hippocampus, thalamus, central gray, cerebellum gray, and cerebellum white. For the complete scalp and facial components, we used the 150 lm resolution image from the 400 g rat. We obtained this image from the University of Utah's imaging facility [24] , where researchers used a 7-T Bruker Biospec MRI scanner (Bruker Biospin, Inc., Ettlingen, Germany) interfaced with a 12 cm, actively shielded gradient insert capable of producing a magnetic field gradient up to 600 mT/m. They used a 50-mm inner diameter quadrature radiofrequency coil (Rapid Biomedical, Rimpar, Germany) for MR signal transmission and reception, and a three-dimensional (3D) fast low-angle shot pulse sequence to obtain a complete coverage of the head with 25 ms repetition time, 5 ms echo time, 30 deg flip angle, and 25 averages.
We digitized the MRI axial slices using IMAGEJ 1.48v (National Institutes of Health, Bethesda, MD) and imported them into HYPER-MESH 12.0 (Altair, Inc., Troy, MI). Using the existing relationships between brain and body weight [25] , we scaled up the 100 lm resolution image by a factor of 1.009 and scaled down the 150 l resolution image by a factor of 0.990 to develop a consolidated geometric model for a 300 g Wistar rat head.
2.1.2 Finite-Element (FE) Mesh. Deviatoric (stress/strain) responses in a solid are sensitive to mesh sizes. The recommended mesh size of hexahedral Lagrangian elements for an FE simulation of a blunt impact with a rat head should be less than 0.20 mm [26] . In this study, we used an average mesh size of 0.15 mm, which led to the creation of 23,836 hexahedral elements. We used a penalty function to define the brain-skull interface, omitting the thin layer of the cerebrospinal fluid, which is also excluded in a previously reported 3D rat head model [27] . We believe that the exclusion of the cerebrospinal fluid layer would not affect the FE predictions of brain pressure because the bulk moduli of the cerebrospinal fluid and the brain are the same (2.2 GPa).
Material Properties.
We selected the material properties for the FE model from a previous bTBI simulation of a rat head [27] . We defined the elastic modulus of the skull as 9.5 GPa based on the blunt-impact-related experiments [28] and based on the volumetric responses of the brain tissue, skull, and scalp on linear elasticity, which describes the volumetric response associated with a bulk modulus. We used the same bulk modulus for the rat brain model as was used in a previous bTBI simulation [27] . We used linear viscoelastic materials for the rat brain model. Table 1 lists the material properties.
Shock Tube Model
2.2.1 Geometry. We simulated a rectangular shock tube with a width of 304.8 mm (1 ft) and length of 780.0 mm. The width was 6.8 times the length of our rat head (Fig. 1) . We selected this width based on a parametric comparative study that simulated a shock tube with a width of 609.6 mm. We found that the pressures at the coup, middle, and contre-coup regions of the brain were very close for both cases, with differences of less than 0.1%.
FE Mesh.
Volumetric response (i.e., pressure) in the brain is sensitive to air mesh sizes. We performed parametric studies using air mesh densities at 0.5, 1, 2, 4, and 8 mm. We found that an air mesh density of 2 mm offered acceptable accuracy, with peak brain pressures in the coup, middle, and contre-coup regions of the brain being less than 3% lower from those predicted by the air meshes with a 1 mm density.
Material Properties.
The shock tube consisted of air, which we modeled as an ideal gas (c ¼ 1.4) with an initial pressure of 101.3 kPa and an initial density of 1.28 kg/m 3 . We simulated the air dynamics using a second-order van Leer advection scheme Fig. 1 Description of the computational blast simulation. We developed the 2D rat head model based on MRI data from the Duke University (anatomical features of the skull and brain at 100 lm resolution) [23] and the University of Utah (anatomical features of the scalp/flesh and facial bones at 150 lm resolution) [24] . We used LS-DYNA (Livermore Software Technology Corporation, Livermore, CA) to perform the shock tube blast simulations.
available in LS-DYNA (Livermore Software Technology Corporation, Livermore, CA).
Boundary
Condition. Similar to the model proposed by Sundaramurthy et al. [29] , we simulated a partial shock tube. We prescribed Friedlander waveform incident pressures of 1-ms duration at the inlet and used a nonreflecting boundary condition at the open-end of the shock tube to allow air to exit. The air nodes in the upper and lower boundaries were constrained to simulate the walls of the shock tube.
Blast Simulation.
We simulated blasts with LS-DYNA, using its fluid-structure interaction algorithm to couple the air domain and the rat head model. Similar methods have been used in the literature to simulate the interaction between blast waves and the head (e.g., see Refs. [27] and [30] ).
All-Effects
Model. The rat head model described in Sec. 2.1 included the combined effect of wave propagation, skull flexure, and acceleration mechanisms. In addition, to represent cavitation, we allowed the brain-skull interface to separate at a predefined negative pressure of 100 kPa.
Acceleration-Only Model.
We evaluated the brain responses due to head acceleration by performing simulations using an acceleration-only rat head model. To implement such a model, we prescribed the cranial bone (Fig. 1) as a rigid material and we turned off the cavitation effects. The rigid cranial bone, while blocking the effects of wave propagation and flexure in the skull, did not affect head acceleration due to blast waves. An alternative approach to investigate the effect of acceleration would involve applying acceleration at the neck and using a deformable skull. However, it is possible that the brain response could be affected by the skull flexure, especially near the head-neck junction, preventing the isolation of the acceleration effect on the brain response.
2.3.3
Angle of Orientation and BOPs. We simulated three head orientations: lateral, frontal, and 45-deg angled (Fig. 2) , with an incident BOP of 100 kPa. We further performed simulations at BOPs of 70 kPa and 130 kPa in the lateral orientation to investigate how different intensities of blast waves affect the brain response.
Results
We characterized the effect of head acceleration on brain responses due to blast waves and analyzed brain responses under various head orientations and BOPs.
In the all-effects model, we observed the highest brain pressure values at the coup region ( Fig. 3(a) ) and the lowest peak brain pressure values at the contre-coup region. After 0.2 ms following the initial increase, the pressures at the coup, middle, and contrecoup regions converged (Fig. 3(a) ). As expected, initially, we observed high-pressure at coup region ( Fig. 3(b) , t ¼ 0.23 ms); the high-pressure area quickly expanded and moved toward the contre-coup region (Fig. 3(b) , t ¼ 0.24 ms). The brain pressures decreased to lower magnitudes after the blast front passed through the head (Fig. 3(b) , t ¼ 0.32 ms).
In the acceleration-only model, we observed positive pressure at the coup region and negative pressure at the contre-coup region (Fig. 4(a) ), which is a classical coup and contre-coup pressure distribution pattern generally observed under impact-loading conditions [31] [32] [33] [34] .
The brain pressure at the coup region from the accelerationonly head model was 36.6% of the pressure from the all-effects model (Fig. 4(b) ). The pressure at the contre-coup region from the acceleration-only model was À83.7% of the pressure from the alleffects model (Fig. 4(b) ). The acceleration-only model predicted nearly zero pressure at the middle region, while the all-effects model predicted a pressure of 131.9 kPa.
Head orientation affected wave dynamics, with the frontal position inducing larger areas of pressure reflections, and the 45-deg angled position directing the majority of the reflection to one side of the head (Fig. 5(a) ). Such changes of wave dynamics, in Fig. 2 Study design. We investigated the effects of head orientation by simulating lateral, frontal, and 45-deg angled impacts for both the all-effects and acceleration-only rat head models. combination with the anatomic features of the rat head, modified the magnitudes of the brain pressures ( Fig. 5(b) ). The brain pressures due to the frontal impact were the lowest, whereas the brain pressures due to the angled impact were somewhere between those in the lateral (highest) and frontal (lowest) cases. For the frontal impact, the coup pressure was 45.1 kPa and the contrecoup pressure was À56.0 kPa, corresponding to 38.2% and À80.9% of the pressures predicted by the all-effects model, respectively. For the angled impact, the coup pressure was 71.6 kPa and the contre-coup pressure was À64.4 kPa, corresponding to 44.8% and À89.3% of the values predicted by the alleffects model, respectively. It should be noted that the various blast impact orientations (lateral, frontal, and angled) only mildly (less than 9%) affected the contributions of the head acceleration effect. Lateral blast impact simulations with various incident pressures (70, 100, and 130 kPa) demonstrated that the brain pressures changed linearly with the incident pressures (detailed data not shown). Consequently, the ratios between pressures predicted by the all-effects model and acceleration-only model were similar. At the coup region, the head-acceleration-induced brain pressures were 36-37% of those from the all-effects model. At the contrecoup region, the head-acceleration-induced brain pressures were À80% to À90% of those from the all-effects model.
We observed that the deviatoric response of brain tissue to a blast wave was very small. For all the cases simulated, the brain-skull relative motions were less than 0.10 mm, the brain tissue strains were less than 1%, and the von Mises stresses were less than 1.0 kPa.
The head acceleration values were in the range of 6429-12,662 m/s 2 . These high accelerations occurred in the millisecond time scale, consistent with the computational study on the human head response due to blast waves [35] . Despite high head acceleration, the rat head moved a maximum of 1.83 mm laterally after 3 ms of a 100 kPa lateral BOP impact simulation. For this simulation, the speed of the rat head reached 0.56 m/s after 3 ms. 
Discussion
In this study, we developed a shock tube model and 2D computational rat head models (all-effects and acceleration-only) and quantitatively characterized the contribution of the acceleration mechanism on the biomechanical response of the rat brain when subjected to a BOP in a shock tube. The results from our simulations demonstrated that the head acceleration from blast exposure in a shock tube is an important mechanism affecting brain pressure. High brain pressures were previously reported to cause neuronal and vascular damage [36, 37] and are often used as a metric for brain tissue damage. We determined that the head acceleration contributed over one third of the maximum brain pressure at the coup region, had no effect on the pressure at the middle region, and was responsible for the low pressure at the contre-coup region. We attribute this pressure distribution phenomenon to the highly accelerated rat skull that interacts with the brain, causing compression of the brain tissues at the coup region and tension at the contre-coup region.
These findings provide important guidance when performing bTBI experiments on small animals. Measurements of brain pressures were previously performed at locations close to the middle of the brain [14, 29, 38, 39] . From the simulations performed in this study, we infer that head acceleration will not contribute to pressure in the center of the brain and, therefore, pressure sensors in the center of the brain will record only two-thirds of the maximum pressure observed at the coup region in the rat. Hence, we recommend placing the pressure sensor near the coup region, especially when investigating the acceleration mechanism using different experimental setups, such as with and without head immobilization techniques.
As expected, we observed that the orientation of the rat head to the blast wave influenced the distribution of brain pressures. Contrary to the experimental measurements that showed higher rat brain pressures for frontal blasts when compared to lateral blasts [38] , our results suggest that the frontal impact induces lower rat brain pressures than the lateral impact when measured at the coup, middle, and contre-coup regions. We postulate that the lower pressures for the frontal blast are caused by the presence of the facial components, which deflect and absorb the blast waves in the frontal blasts, whereas in the lateral blasts the waves reach the brain without significant interaction with the facial components. The difference between computational and experimental results remains to be further investigated.
There are some limitations in our study. First, we acknowledge that the 2D model cannot capture the blast wave-head interaction in its entirety. The 2D modeling approach was guided by the need to perform an exploratory investigation of the acceleration mechanisms (i.e., a comparison between the all-effects and accelerationonly models) before a detailed 3D head model can be developed. Such an approach is along the lines of the investigation of blastinduced brain cavitation using a 2D human head model [30] . Moreover, to accurately capture the spatial distribution of brain pressures, we developed a detailed rat brain model (comprising of 10 components, plus the facial bone and eye from MRI images) instead of relying on idealized geometries of the rat brain and head. Second, we used a linear viscoelastic material property for the brain tissue, which is based on a widely accepted bTBI simulation study [27] . Use of different material models and material constants may or may not [35] change the magnitude of the predicted brain pressure. However, we expect the same relationships and patterns of brain pressure to hold even with different material models.
However, even with these limitations, the brain pressures predicted from this model were close to the experimental measurements for a rat brain. For the frontal impacts, the brain pressures ranged from 69.2 kPa to 118.0 kPa for the 100 kPa incident BOP. Experiments performed by Sundaramurthy et al. [29] reported peak intracranial pressures of 120 kPa for an incident BOP of 115 kPa. Further, the reflected pressures predicted by our model were similar to theoretical values. The model-predicted reflected pressure for a lateral impact was 271 kPa, which was close to 274.2 kPa, a theoretical calculation based on the following equation [13] :
where OPRs denotes the reflected pressure, OPS denotes the incident overpressure, and P0 represents the atmospheric pressure. In summary, we quantitatively characterized the contribution of blast-induced head acceleration on brain pressures in rat heads using 2D computational models. The uniqueness of our model is its ability to capture the brain pressure solely from acceleration, i.e., without the contribution of skull flexure, wave propagation, or cavitation. The results from our simulations demonstrated that head acceleration, which traditionally has been overlooked in the literature, has a major effect on brain pressure, especially in regions away from the middle of the brain. Our results also demonstrated that the current practice of measuring rodent brain pressure close to the center of the brain cannot delineate the contribution of the acceleration mechanism.
